Insecticide resistant insects have constitutively elevated intracellular protease activity when compared to corresponding susceptible strains. This increase was shown for some cases originally through biochemical enzyme studies and subsequently putatively by transcriptomics and proteomics methods. Up-regulation and expression of proteases have been characterised in resistant strains of some insect species, including mosquitoes. This increase in proteolysis results in more degradation products (amino-acids) of intracellular proteins. These may be utilised in the resistant strain to better protect the cell from stress.
INTRODUCTION
Intracellular proteases degrade resident cellular proteins and peptides and also those proteins that are transported into the cell. Although their role is basically to degrade cellular proteins they are essential in maintaining the cell in balance and healthy, and they are also involved in activation of enzymes and very many other functions. The cell response to toxic stressors is part of such maintenance of homeostasis and it can be seen that intracellular proteases may have an important role in the evolution of pesticide resistance.
This article aims to review the literature and explores their potential whole as stress induced enzymes and their relationship with insecticide resistance. This review will examine resistance in insects (and other arthropods) to insecticides important in agriculture and public health. Resistance to insecticides in mosquitoes is critically affecting the efficacy of control of human disease vectors and much research into the mechanisms of resistance has been done on these insects. The literature reporting changes in intracellular proteases in resistant strains of insect pests compared to their susceptible counterparts forms the basis of this review. The focus will be on this difference and the implications it could have on the characterisation and management of resistant insects.
This review starts with a brief introduction to the intracellular proteases. The main part covers the reports on the differences between resistant and susceptible insect strains, vis-avis intracellular proteases. This is split into three parts according to the research methods used: 1 enzyme studies; 2 transcriptome analyses; and 3 other molecular methods. The protease response of insects exposed to insecticides is then considered as it may be expected to be part of the stress reaction and related to resistance. Finally, the background and opportunities to use the intracellular proteases for resistant pest management are included. Evidence for protease degradation of insecticides and the potential of intracellular proteases as targets is covered.
INTRODUCTION TO INTRACELLULAR PROTEASES
The purpose of the genome is to direct the synthesis of all the proteins that make up the structure of the cell. As this is a dynamic process, constantly varying according to the cell condition, there is a need to degrade and recycle these proteins. This is known as protein turnover and this reversal of biosynthesis is carried out by the intracellular proteases. 1 Much of the nature of these processes that control this turnover have been elucidated in recent decades and this understanding is applicable to pests and their stress responses. As the action of proteases is potentially damaging to the cell, even suicidal, it necessarily is tightly controlled and well coordinated. This complex process aims to maintain proteostasis, in spite of internal changes in the state of the cell and external factors. These external factors include toxic pesticides which perturb this proteostasis and precipitate stress responses. 2 These introductory remarks apply to most cell types although the emphasis will be on eukaryotic cells, especially where relevant to insects. 3, 4 Proteases or peptidases are enzymes that cleave peptide bonds in proteins and peptides by hydrolysis and have a key role in the protein turnover along with transcription and expression of the active genome. This depends on continual removal of unneeded proteins and the consequential supply of amino-acids. Peptidase types are grouped according to the position and the amino-acid residues of the peptide bond (in the peptide chain of the protein) to be hydrolysed. Thus, there are six catalytic types (serine, cysteine, metallo, threonine, glutamic and aspartic) further divided into 250 families by sequence, and these in turn are grouped into approximately 60 clans by comparing tertiary structures. 5 Several mechanisms regulate peptidase activity, in addition to transcriptional and posttranscriptional controls. 6 Thus, most enzymes are synthesized as inactive zymogens that are activated by suitable proteolytic cleavage and then rapidly blocked by specific inhibitors.
This regulation is carried out within networks, with cross-activation of zymogens and inhibitors combining to give a cascade effect and consequently an amplification of an initial stimulus. 7 Proteolytic activity is located in a complex of structures throughout the cell, in the cytosol, nucleus, endoplasmic reticulum, membranes and lysosomes. 8 There are four major peptide-generating systems within cells: proteasomes, calpains, caspases, and lysosomes. The most important of these is the ubiquitin-proteasome system (UPS); in general terms a small protein, ubiquitin, is linked to the protein to be degraded and the product enters the barrel-shaped proteasome, a complex consisting of subunits, where it is hydrolysed. 9 Short-lived and damaged proteins are degraded (to peptides) and thus the proteasome controls basic cell processes and protects the cell from stress. 9, 10 The earliest identified degradative route for proteins is within lysosomes; foreign proteins and cell materials can be transferred to the lysosome by a number of mechanisms which include autophagy.
INTRACELLULAR PROTEASES IN RESISTANT AND SUSCEPTIBLE STRAINS

Biochemical Enzyme Assays
The first definitive report with the comparison of resistant and susceptible strains of insect pests for their intracellular protease contents was in 1994. 11 This work was based on a representative range of intracellular proteases for which there were established assays using fluorogenic specific substrates. These proteases were representative of the main types, found in the neutral conditions of the cytoplasm or in the lysosomes at acid pH.
These enzymes (listed in Table 1 ) were explored in follow-up studies and were obtained from resistant and susceptible strains of a limited range of pest insects. A toxicological profile (especially the responses to a number of insecticides, with and without a range of relevant synergists) for each strain was made. 11 The baseline status of each strain, usually the adults for the pests chosen, was determined for each of the intracellular proteases from tissue homogenates. 12 Adaptation to any insecticide stress would logically modify cellular metabolic processes, especially in relation to protein turnover. The intracellular protease activities of the house fly Musca domestica, resistant and susceptible to DDT were studied. 12 In this investigation the resistant (resistance ratio: 84) and susceptible flies were bioassayed with a number of insecticides, with and without synergists, and their cytochrome P450 contents and glutathione Stransferase (GST) activities were measured (the more likely metabolic mechanisms). The protease activities of whole fly (and also body parts) homogenates were measured using peptide substrates and based on the fluorescence of the liberated 7-amino-4-methylcoumarin (AMC). The results indicated a general elevation of protease activities in the resistant strain as compared to the susceptible. 12 This can be seen for whole body homogenates in Fig. 1 ; the effect is more pronounced for the cytoplasmic enzymes where total activity significantly increased from 10. A number of other studies of a similar nature on resistant and susceptible strains of insect pests have been made. These are based on biochemical protease analyses using the same fluorogenic substrates. Some of these are summarised in Table 1 with comments concerning the protease types that are increased or decreased in activity. Other reports on the same species (Musca domestica and Tribolium castaneum) have not been included, for brevity.
From these publications the overall picture for the variation between resistant R and susceptible S strains is that the majority of the proteases investigated are more active in the R strains. This trend is for both cytoplasmic and lysosomic enzymes and for all the (few)
insects species studied, although responses varied according to protease (see Table 1 ).
General conclusions from this work, are that resistant strains have elevated constitutive protease levels and this increase may not be specific to any peptidase, nor any pesticide or resistance mechanism. The changes represent the adaptation of the insect to stressors and there are many biochemical changes in the cell in addition to the effect on peptidases. 5 It would appear that the role of elevated proteases in a resistance mechanism may be the increased proteolysis and production of amino-acids for the synthesis of defensive systems. 12 The results are seen for a small range of species, but as they are the result of cell stress, they may well likely be common to many pest species.
Transcriptome analysis methods
Molecular biology methods for the study of resistance have been revealing multiple mechanism/gene-interactions. As a consequence of these investigations, genes controlling mechanisms in addition to those for metabolism and target site modification have been found. Other genes having no clear role in pesticide defence are up-regulated, including those for proteases. A complex system of multiple genes and gene interactions seems to exist showing a long evolutionary history of defence against stressors. 17 Cases of resistant insects where elevation of intracellular proteases has been found, in addition to increases in defence mechanisms such as metabolism or target site modification, are given in Table 2 . This is a representative listing, but not exhaustive, of transcriptomic analyses of resistant vs susceptible comparisons, where intracellular proteases are included.
The increases of these proteins in the cell in these cases have been inferred by studying the RNA transcriptome. Analysis of mRNA through high-throughput expression profiling using microarrays has provided considerable advances in understanding the molecular base of resistance. This approach has identified genes for proteins that are up-regulated in the resistant strain. 19 Further, not only is resistance imparted by genes for multiple protein upregulation, but depends on the interaction of regulatory factors. 19 A comprehensive transcriptome analysis of the house fly M. domestica has been made, comparing a multiple insecticide resistant strain with susceptibles. 19 A large number of upregulated genes in the resistant strain were found. These included the key detailed function categories; metabolism, regulation, and intracellular processes. Within the intracellular group were protease genes controlling digestive, catalytic, and proteinase activities. The function of genes in signal transduction and proteases in resistance mechanisms is less understood than in detoxification. However, the authors 19 provided support for the idea that co-overexpressed genes are frequently co-regulated, and that the up-regulated proteases are part of the resistance mechanism.
A similar whole transcriptome study has been carried out on the mosquito Culex quinquefasciatus. 21 A low-resistant permethrin strain (10-fold level compared to a standard susceptible) was selected over 8 generations to give a highly resistant strain (2700-fold level). In the highly resistant strain all cytochrome P450 genes were up-regulated at least by twice. The RNA sequencing identified 23 protease genes that were up-regulated, most by Other cases of research identifying the overexpression of intracellular proteases in insecticide resistant insect strains, based on transcriptomic analyses, are provided in Table   2 . These examples provide indirect support for the involvement of intracellular proteases in resistance mechanisms.
Other methods for intracellular proteases.
Methods based upon cDNA microarrays followed by real time quantitative PCR (qPCR) to verify expression levels for some genes comparing resistant and susceptible strains have been used. Based on this approach a number of peptidases, including serine proteases, showed high constitutive overtranscription in a highly DDT-resistant strain (resistance ratio 647) of Anopheles Gambiae. 32 It was suggested that that the peptidases were involved in the activation of immune pathways which may enhance the capacity of insects to adapt to insecticide pressure. A similar approach of microarray and qPCR was also used to compare a highly DDT resistant strain of Drosphila melanogaster to a susceptible. 33 More genes were overtranscribed in the resistant strain, and a link with serine protease expression was made.
In fact, there was remarkable constitutive overexpression of putative serine proteases. 33 Mainly, the up-regulated proteolysis in resistant insects may help to meet energy demands and to help balance degradation and biosynthesis of proteins under stress (homeostasis).
Other defensive functions that could be supported by up-regulated proteases include synthesis of antimicrobial peptides, hemolymph coagulation, immune system and melanisation of pathogens. 33 Research using cDNA microarrays and reverse Northern blots, 34 found, based on sequence homology, trypsin and chymotrypsin serine proteases overexpressed in a deltamethrinresistant strain (400 fold) of the mosquito Culex pipiens pallens. A possible explanation given was that higher levels of trypsin and chymotrypsin genes expressing more of these enzymes would lead to a greater chance of survival under pesticide pressure. 34 This concept of proteases offsetting the costs of the insecticidal effects on the target insect has been shown in pyrethroid resistant strains of the maize weevil, Sitophilus zeamais. 35 Serine proteases were isolated from these resistant strains and shown to be more active than those from the susceptible strain; suggesting that increased energy and amino-acid production would be available to the resistant insect as a result of the enhanced proteolytic activity.
A high throughput screening method based on suppression subtractive hybridization (SSH) and gene expression profiling by cDNA macroarrays aimed to understand the mechanisms of resistance to deltamethrin in larvae of Culex pipiens pallens (mosquito). 36 Protease genes were characterised by homology and serine protease genes were highly expressed in the resistant strain and associated with resistance. 36 In fact, trypsin and chymotrypsin were 4.68 and 4.89 times more expressed in the deltamethrin resistant strain compared to the susceptible. Further experiments with transfected cells and expression vectors for trypsin and chymotrypsin showed increases in deltamethrin resistance providing evidence that these enzymes were associated with resistance. 36 These increases in proteolysis may address energy needs during stress and proteostasis maintenance. Intracellular proteases may be involved in induction of direct resistance mechanisms, both metabolic and target site insensitivity. They may also have a role in protein synthesis and modification of enzyme conformation. These intracellular proteases were important, as pest management targets, and in molecular mechanisms, resistance detection and novel pesticide development. 36 Cells were cultured from deltamethrin-resistant and susceptible strains of mosquitoes Culex pipiens pallens, and from their extracts, twenty-seven differentially expressed proteins were identified by two-dimensional electrophoresis and mass spectrometry. 37 Four of these were members of the ubiquitin-proteasome proteolytic pathway up-regulated in the resistant strain. It was claimed that through overexpression of the steps of the uniquitin-proteasome pathway this mosquito strain had acquired stable resistance to deltamethrin. 37 An opposite effect occurs with Bt insecticides where the toxic Cry protein needs activation by proteases in the insect midgut. 38 A proteomic approach as above was used to analyse Bt resistant strains of the diamondback moth, Plutella xylostella (L.), and to compare the proteome with that of the susceptible strain. 39 Constitutive expression of midgut proteins was compared and serine proteases such as trypsin were found down-regulated, most likely contributing to resistance by decreasing proteolytic activation of the pro-toxin within the midgut. However, in this case the change in the proteases had a direct effect on the resistance mechanism rather than only contributing to it, as the case may be with intracellular proteases. In general, non-proteinaceous and non-peptidic insecticides are not degraded (nor activated) by proteases, except for a few pyrethroids (see 5.1)
INSECT CELL RESPONSE TO INSECTICIDE STRESS
This part will consider how cells respond to uptake of pesticides (or toxicants in general) as far as changes in their internal proteases are concerned. Pests and non-pests exposed to pesticides at sublethal levels have many transient changes. 40 Differential responses tend to occur, which vary according to the cellular protein considered, when resistant and susceptible strains of a pest insect are exposed to insecticides. 17 Stressed insects (exposed to insecticide) experience perturbation of the cellular protein complement and transcriptome. The literature relevant to this area is based on next generation sequencing, and other molecular biology techniques that allow identification of genes that are affected, and thus which enzymes are possibly up-regulated (or down) following insect exposure to insecticides.
The cellular stress response is the result of attack on the cell by external forces inflicted on the cellular macromolecules. 41 Many aspects of the cellular stress response are not specific to the stressor because it depends on this macromolecular damage, 40 which occurs mainly through oxidation or unfolding. Cellular stress responses are complex and include molecular chaperones and proteolytic enzymes. 40 Heat shock proteins (Hsps) are abundantly expressed in insects and are important modulators of stress response and vital to insect survival. 42 Cells respond to stress by increasing expression of proteasome subunits by means of stress-inducible proteasome chaperones. These promote proteasome assembly during stress and help maintain sufficient levels of proteasomes that degrade denatured and unwanted proteins. 43 It would appear that this enhancement of proteasomes is associated with the response of the insect cell to insecticide stress. 44 For example, a Drosophila melanogaster cell line transfected with a gene for expression of a subunit of the proteasome were more resistant to deltamethrin than cells not transfected. 44 This work showed that the subunit and ubiquitin (which 'tags' the proteins for proteasomal degradation), were dramatically up-regulated with deltamethrin exposure.
The cellular stress response is very complex and the role of proteases in this is far from clear, thus it is unlikely that a simple relationship with resistance and insecticide exposure may be found, especially considering the kinetics of the various processes involved. Also, experiments normally do not resolve the time variable well. Studies with fluorogenic protease substrates on resistant and susceptible insect strains exposed to insecticides showed a variety of responses according to protease types. In the case of M. domestica following topical treatment with DDT at 1, 2 and 3 h, both the DDT resistant and the susceptible strain showed significant increases of alanyl-and arginyl aminopeptidase activities. 12 In further studies with the same species, but with a strain resistant to fenitrothion, proteases in resistant and susceptible strains when treated with fenitrothion showed similar patterns of changes in activity. Cytoplasmic and lysosomal enzymes showed transient increases over a few hours but some maintained the increase for 24 hours. 13 No clear differentiation between the strains on insecticide exposure was seen; in other words the resistant strain does not appear to respond differently. Some studies have included exposure to a variety of insecticides to assess the role of cross-resistance in relation to the protease stress response. For example, a malathion resistant strain of T. castaneum when treated separately with deltamethrin, pyrimiphos-methyl and gamma-HCH showed increases of arginyl aminopeptidase and tripeptidyl aminopeptidase in the resistant strain only. 15 Gamma-HCH gave an increase in alanyl aminopeptidase in the susceptible strain. All three insecticides decreased leucyl aminopeptidase. 15 Again, no clear relationship with any of the changes in intracellular proteases for resistant insects. Some cases where insecticide treatments have differed from the insecticide to which the strain is mainly resistant are given in Table 1 . These examples show the complex nature of the stress response and so far no general trends can be determined from these and other similar studies.
A later report 22 concerning exposure of aphids (Myzus persicae) to pyrimicarb gave upregulation of cathepsins for the susceptible strain and with less up-regulation for the simple resistant strain (resistance mechanism kdr mutation, which causes insecticide insensibility in the nerve sodium channel). For the multiple resistant strain (kdr plus MACE inhibiting acetylcholinesterase) no peptidase up-regulation was detected. Further, RNA sequence analysis of a permethrin resistant strain of the mosquito Culex quinquefasciatus revealed up-regulation of resistance mechanisms, compared to a susceptible strain. 45 There were many genes relating to down-regulated proteases, carbohydrate metabolism and transport.
Of a few genes that were studied in more detail, serine proteases were significantly upregulated at 24 hours exposure and even more so at 48 hours (Fig 2) . Other proteases were down-regulated at 24 hours but more were up-regulated at 48 hours exposure to permethrin. 45 These results seem to indicate a role for some intracellular proteases in the stress response to insecticide exposure; the affect was more pronounced in the resistant strain. However, studies in this area are in the early stages and the significance of proteases on stress responses in resistant insects are difficult to interpret. A range of conventional insecticide synergists were found not to affect the proteolytic activity in susceptible houseflies when dosed alone (no insecticide). 46 There is an interesting proteomic study on the mode of action of pyridalyl, a recently discovered insecticide which needs P450 activation similar to some organophosphates. 47 Using a Spodoptera frugiperda cell line, a pyridalyl resistant line was then generated and by comparing the proteomes of this and the susceptible line, a number of differentially expressed proteins were found. Proteases were not overexpressed in the resistant line.
However, exposing susceptible Bombyx mori larvae to pyradilyl showed the up-regulation of three proteasome subunits, 47 at least supporting increased proteolysis in the stress response.
It is of interest if insecticides may also inhibit insect intracellular proteases directly.
Although, in the exposure experiments described above some proteases have been depressed (both in resistant and susceptible strains), all studies have been made in vivo.
There may well have been inhibition but this was difficult to determine in the face of cellular processes. Where proteases have been isolated from resistant and susceptible strains of M.
domestica, their relative characterisation was determined using standard protease inhibitors, 48 but no studies were made with insecticides. Inhibition of the ubiquitinproteasome system (UPS) has been suspected for involvement in the development of
Parkinson's disease. In research to show an association, some pesticides have inhibited parts of this system; for example, out of 28 pesticides (including insecticides, fungicides and herbicides) screened 11 were found to inhibit 26S proteasome activity at 10μM. 49 Carbamate and organophosphate insecticides screened did not inhibit the UPS. However, cell-based assays were used. 49 Another cell-based study showed insecticides endosulfan and dieldrin inhibited the UPS at low concentrations. 50 However, in cell lysates none of the pesticides inhibited the UPS.
Thus, based on literature information it is difficult to know if insecticides in general, or even specific compounds, can inhibit intracellular proteases, or the UPS, in insects.
OPPORTUNITIES FOR MANAGEMENT STRATEGIES USING INTRACELLULAR PROTEASES
Proteases degrading pesticides
Generally there is no evidence to suggest that any intracellular proteases can enhance degradation of small molecules such as most conventional pesticides. However, there is some evidence that they can do this in insect digestive systems, although only for the pyrethroids. Serine proteases such as those in resistant insect strains can hydrolyse permethrin where it is known that elevated expression of these enzymes occur. 51 In research to determine the mechanism in the insecticide resistant salmon louse Caligus rogercresseyi, high-throughput transcriptome sequencing identified trypsin and chymotrypsin serine proteases as being expressed after exposure to deltamethrin and azamethiphos. 52 However, further work was required to establish the role that serine proteases had in deltamethrin degradation mechanisms of sea lice. Two deltamethrin resistance associated genes were isolated from Culex pipiens pallens mosquitoes. 53 Recombinant plasmids were prepared with this resistant strain and transformed into Escherichia coli. Subsequent enzyme assays showed trypsin and chymotrypsin-like activity;
both enzymes could hydrolyse deltamethrin. 53 
Intracellular proteases as targets
Enzyme inhibitors
Regulation of protein expression can occur at three basic levels. On the genetic level, the strength of a promoter determines the amount of a particular gene product. On the posttranscriptional level, stability of mRNA increases production of the protein. On the posttranslational level, glycosylation, phosphorylation, or degradation affect both intracellular levels and the activity of the protein. 54 Techniques that inactivate protein expression include traditional genetic knockout or RNAi, and the use of small molecules that specifically help degrade or inhibit the target protein. 54 Drugs targeting proteases have been, and continue to be, an enormous market in areas such as angiotensin-converting enzyme (ACE) inhibitors and for HIV treatments, 55 as well as in infection and parasitism.
Using proteases, and especially proteasomes as targets could find applications in pest management. Where resistant strains have been shown to have elevated levels of intracellular proteases then it may be possible to make these particular targets. Exploring this putative application may provide novel routes to overcome resistant strains or for methods that apply to susceptible strains as well. There may be applications in managing pests that have overcome resistant cultivars of crops, as resistance to crops (host plants)
shares many similarities with insecticide resistance. Some studies have considered the potential for the use of proteases as pest control targets. 56 A group of proteases that could provide a target in the area of pest management are the cathepsins, cysteine/aspartate proteases, especially in Lepidoptera. 56 These cellular enzymes are involved in processes such as proteostasis, development, growth, metamorphosis, apoptosis and immunity and regulated by activation, inhibition, degradation, etc. Stress from virus attack, starvation, host plant defences, temperature and oxidative factors lead to their overexpression; thus this class of proteases are promising candidates as targets. 56 In researching the genetic background in control with pesticides of the beetle Monochamus alternates (main vector in China of the Pine Wilt Disease), cathepsin B, cysteine peptidases, neuropeptides and serine peptidases were found to be important in growth, reproduction behaviour and other physiological processes. 57 Thus, it was considered that these proteins could be suitable as targets for research into control strategies. Although a range of cellular proteins are upregulated when stressed insects become resistant, 17 the selection of the proteases as targets may be a preferred starting point, although not necessarily the only option.
Protease inhibitors are widely dispersed in plant tissues, 58 but these, when used in pest management, are mostly directed at digestive proteases in herbivorous pests. These inhibitors may also play a role in plant defence against pathogens and other pests. Also these inhibitors may be relevant where gut proteolytic enzymes in resistant strains are elevated to compensate for fitness deficiencies. 59 Protease inhibitors within insects play a vital role intracellularly in maintaining proteostasis and extracellularly in hemolymph, saliva, morphogenesis, reproduction etc and in more specialised ways in silk production and blood sucking. 60 The development of protease inhibitors for medical applications, 61 have made available inhibitors with some potential in pest management situations. There are small molecular weight inhibitors of intracellular proteases, including those in use for virus control (e.g.
inhibitors for aspartic proteases and HIV) and similar applications. A listing of protease inhibitors is available on the MEROPS website 62 (http://www/ebi.ac.uk/merops). Good candidates are novel peptide structures or preferably cell-permeable non-peptidic molecules which may not be degraded by proteases. 63 A range of thiourea dipeptides were found to selectively inhibit the human 20S proteasome subunit; significantly some of these were able to reverse multi-drug resistance. 64 Other second generation inhibitors for medical conditions have been progressed and could be used as starting points in understanding pesticide resistance. 65 Bortezomib is a highly selective proteasome inhibitor which can induce autophagy and finds application as an anti-tumour drug. Studies of this protease inhibitor in human cells have shown changes in the balance of intracellular peptides. 66 This inhibitor has been used in research into deltamethrin resistance in the mosquito Aedes albopictus. A proteomics approach was employed to compare cell lines from resistant and susceptible mosquito strains and to evaluate the role of the proteasome and its subunit beta type 6 using protease inhibitors. 37 In this research, bortezomib, and another inhibitor MG-132, when separately applied in conjunction with deltamethrin, significantly increased the mortality of deltamethrin-resistant cells and deltamethrin resistant larvae. The evidence supported the role that the ubiquitin-proteasome system played in insecticide resistance and the authors proposed that proteasome inhibitors, such as these, may be useful as synergists. 37 This reasoning has resulted in a patent application and publication for the use of MG-132, a cellpermeable, reversible and potent proteasome inhibitor, as a synergist particularly for deltamethrin and resistant diamondback moths (resistance ratio >5000). 67 Topical application of MG-132 with deltamethrin on 4 th instar resistant diamondback larvae gave a significant increase of 2.19 times in toxicity compared to deltamethrin on its own. In field experiments it was claimed that MG-132, applied 24 hours before the insecticide, increased the control of this resistant insect. 67 As protease inhibitors may work equally well on any species of resistant insect, and possibly with any type of resistance mechanism, the synergistic effect is likely to be non-selective in practice. Targeted application will be preferred.
Another approach to protease inhibition is through the use of peptidomimetics, which combine a peptide moiety (including those based on D-amino-acids), such as peptoids and β-peptides with an active centre. There are examples which target proteases, such as novel peptide mimetics bearing a protected aspartyl aldehyde warhead which inhibits protozoan cysteine proteases. 68 A series of pseudopeptide boronate proteasome inhibitors (analogues of bortezomib) have activity on the human 20S proteasome. 69 This approach has some promise for parasite control but remains to be seen if it can work on insect pests. Another option to remove specific intracellular proteases may be through the use of small molecule PROTACs, which are bifunctional molecules that link a specific protein to an E3 ubiquitin ligase, resulting in ubiquitination of the target protein and degradation in the proteasome. 70 .
RNA interference
Another route to apply the knowledge of the role of intracellular proteases to manage insecticide resistance may be through RNA interference (RNAi). This method for gene silencing has been explored for insect pests but presents many problems in development and application. 71 Proteases are favoured amongst targets but many are not intracellular, 72 although all proteases are intracellular when synthesised and before activation. In the case of a resistant insect strain the up-regulated proteases could be characterised and used as targets for knockdown. Some proteases have been the target for RNAi research in aphids. 73 In the case of aphid control (and also for other herbivorous pests), there is the potential for delivering the dsRNA agent systemically through the host plant. The polyphagous green peach aphid, Myzus persicae, when moved to a new host plant species up-regulates its multigene clusters after two days. 74 The cathepsin B gene family was up-regulated and when knocked down using RNA interference reduced the fitness of the aphids on the new host plant. This demonstrated the role of intracellular proteases in adaptation to stress on the new host plant, essentially similar to the effect with insecticide resistance development.
The feasibility of RNAi to knockdown intracellular proteases was also shown. 74 The red flour beetle, T. castaneum, has been used as a model insect to identify the better target genes for RNA interference. 75 A large scale screen found that the proteasome was a prime target for this model insect, and would be a promising target for other pest species.
It was also found that there was no dsRNA sequence that may not impact on other species, thus potentially this method may be non-selective. 75 
CONCLUDING REMARKS
There now appears to be evidence that demonstrates a difference in intracellular protease activity between insecticide resistant and susceptible strains of insect pests. This has been realised by means of studies on the expressed enzymes as well as the transcriptome and the genetic profile of the resistant compared to susceptible strains. However, further studies are needed to determine how common this is, but it has been proposed as a basis for resistance detection. 36 There are many cases of molecular biology resistance research where there were no differences in intracellular protease expression. This may be because the role of proteases was not specifically investigated or that these particular proteins did not appear in the analyses. Much research using molecular biology methods has been aimed at identifying the direct mechanism(s) of resistance only. However, this increase in intracellular proteases may Research over the last two decades has shown that up-regulation of intracellular proteases has been observed in some cases of resistant insects. There has been no clear explanation of why this should be so but it is likely to part of preparing the cell to better protect it from stress. This may be through removing damaging proteins and recycling the amino-acids for synthesis of defensive proteins, but many of the other functions suggested by various researchers may also be correct. Could this be a consequence of the adaptation to insecticide stress and selection pressure? The evolution of insecticide resistance in insects is complex but has many similarities to that in crop plants and agronomic weeds. 77 It may be of interest that enhanced intracellular protease activity has been detected in weed species resistant to herbicides (atrazine & fluazifop) and also in a rice variety resistant to insect pest attack. 78 The activities of the proteases were higher (about 1. 
